. Each MAPK family has distinct biological functions. In Saccharomyces cerevisiae, there are five MAPK pathways involved in mating, cell wall remodelling, nutrient deprivation, and responses to stress stimuli such as osmolarity changes. Component members of the yeast pathways have conserved counterparts in mammalian cells. The number of different MKKK in MAPK modules allows for the diversity of inputs capable of activating MAPK pathways. In this review, we define all known MAPK module kinases from yeast to humans, what is known about their regulation, defined MAPK substrates, and the function of MAPK in cell physiology.
let-derived growth factor (PDGF) and epidermal growth I. INTRODUCTION: DISCOVERY THAT factor (EGF) that a predominant protein phosphorylated MITOGEN-ACTIVATED PROTEIN KINASE ERK on tyrosine had a size of 42 kDa (59, 61) . Proteins of IS REGULATED BY PHOSPHORYLATION ON the same size and behavior on two-dimensional gels were THREONINE AND TYROSINE phosphorylated on tyrosine in response to phorbol esters (174) , in virus-transformed cells (60) , and in metaphaseIn the early 1980s, it was realized in several different cell types stimulated with growth factors including plate-arrested Xenopus laevis eggs (57) . At the same time, ser-ine-threonine protein kinases activated by the insulin re-osmolarity, and the shear stress of fluid flowing over a cell. The basic assembly of MAPK pathways is a threeceptor tyrosine kinase were being characterized (7, 287, 294) . The hypothesis was considered that direct regula-component module conserved from yeast to humans. The minimal MAPK module is composed of three kinases that tion by tyrosine phosphorylation catalyzed by the insulin receptor would regulate the activity of serine-threonine establish a sequential activation pathway (Fig. 1) . The first kinase of the three-component activation module is protein kinases (7, 287) . Ray and Sturgill (287) demonstrated that a 42-kDa serine-threonine protein kinase, re-a MAPK kinase kinase (MKKK) (92) . Specific MKKK have been shown to be activated either by phosphorylation by ferred to as mitogen-activated protein kinase (MAPK), isolated from insulin-stimulated 3T3-L1 cells was phosphory-a MAPK kinase kinase kinase (MKKKK) or by interaction with a small GTP-binding protein of the Ras or Rho family. lated on both threonine and tyrosine. It was quickly realized that the 42-kDa MAPK characterized to be threo-Other potential modes of activation include oligomerization and subcellular relocalization. The MKKK are serine/ nine and tyrosine phosphorylated in response to insulin was the same protein shown to be tyrosine phosphory-threonine kinases that when activated phosphorylate and activate the next kinase in the module, a MAPK kinase lated in response to other growth factors, phorbol esters, viral transformation, and metaphase arrest in Xenopus (MKK) (315). The MKK are kinases that recognize and phosphorylate a Thr-X-Tyr motif in the activation loop eggs (294) . It was also demonstrated that phosphorylation of both the threonine and tyrosine was required for MAPK of MAPK (109) , defining MKK as dual-specificity kinases.
Mitogen-activated protein kinases are the final kinase in activation (294) .
The cDNA encoding MAPK was isolated by Boulton the three-kinase module and phosphorylate substrates on et al. (32) who renamed it ERK1 for extracellular signal-serine and threonine residues. The vast majority of deregulated kinase 1, because of the variety of extracellular fined substrates for MAPK are transcription factors. Howsignals that could stimulate its activity. The isolation of ever, MAPK have the ability to phosphorylate many other cDNA for ERK2 and ERK3 quickly followed (31). Align-substrates including other protein kinases, phospholiment of the ERK sequences showed they were closely pases, and cytoskeleton-associated proteins. related to the Saccharomyces cerevisiae protein kinases Why have MAPK activation modules evolved having Fus3 and Kss1, demonstrating the close homology be-three kinases? The reason probably lies in the unique actitween mammalian and yeast MAPK.
vation properties of MAPK. Mitogen-activated protein kiBiochemical characterization and molecular cloning nase must be phosphorylated on both a threonine and identified the upstream kinases in the MAPK erk module in mammalian cells (67) . The work defined a conserved three-kinase module in mammals. The MAPK regulatory system is a three-kinase module that establishes a sequential protein kinase activation pathway.
In parallel, geneticists were identifying the component genes in yeast mating. The sterile (ste) genes in S. cerevisiae involved in pheromone-induced mating were ordered and cloned (136) . Quickly, the related genes in Schizosaccharomyces pombe were identified and their protein products characterized (260) . Cumulatively, this work identified a conserved three-component protein kinase module that included the MAPK Fus3 and Kss1 in S. cerevisiae and Spk1 in S. pombe.
In this review, we detail the properties of the known MAPK modules. The expanding number of MAPK modules and their role in controlling complex cellular functions defines their importance in responsiveness of cells and organisms to their environment. tyrosine for their activation, a dual phosphorylation cata-pathways using the MAPK jnk are called the JNK MAPK pathways). This review focuses on the organization, regulyzed by a specific MKK. The different MKK recognize a lation, and function of the different MAPK modules in tertiary structure of specific MAPK and not simply a linear eukaryotic cells. sequence surrounding the Thr-X-Tyr activation motif of MAPK. As described in this review, very specific MKK and MAPK combinations are found in a MAPK module.
III. ACTIVATION OF MITOGEN-ACTIVATED Specific MKK appear to recognize the tertiary structure PROTEIN KINASES: DUAL of different MAPK, effectively restricting their regulation PHOSPHORYLATION OF THE of different MAPK subtypes. In contrast, MKKK are able ACTIVATION LOOP to mix and match with different MKK-MAPK combinations. In mammalian cells, there are more known MKKK Mitogen-activated protein kinases are proline directed in than MAPK. The MKK represent the fewest members of that they only phosphorylate substrates that contain a proline the three-component MAPK modules. The completion of in the P-1 site (219) . A general consensus for MAPK erk1/2 is the human genome project will be required to define the Pro-X-Ser/Thr-Pro (6). The activity of MAPK is controlled by exact number of kinases in each of these groups. The dual phosphorylation in an amino acid sequence known as large number of MKKK allows for diversity of inputs from the activation loop. The sequence Thr-X-Tyr in the activation numerous stimuli to feed into specific MAPK pathways.
loop, where X can be different amino acids among the MAPK, Some kinases that appear to be MKKK may regulate pathis the site for dual phosphorylation catalyzed by specific MKK ways not involving MAPK [such as regulation of the NFkB (4). For MAPK erk1/2 , the phosphorylation sites correspond to pathway by MEKK1 (139, 196, 233, 393) ]. Thus the regulaThr-183 and Tyr-185. Dual phosphorylation of these sites retion of MAPK pathways at the level of MKKK may represults in a ú1,000-fold increase in specific activity of the sent branch points in regulation of signal pathways in MAPK. some cases.
The core three-dimensional structure of protein ki- Table 1 lists the members of the known MAPK three-nases, as resolved from the crystal structure of protein component modules defined to date. Perusal of Table 1 kinase A (PKA), is composed of two domains with the boggles the mind and clearly demonstrates that the cur-active site at the domain interface (177) . Adenosine 5-rent nomenclature, or more appropriately the lack of no-triphosphate binds in the active site cleft, and peptide menclature, in the MAPK field poses a major problem of substrate for some kinases has been shown to bind in a understanding the MAPK literature, especially for readers groove on the surface of the COOH-terminal domain of not familiar with the field. In the present review, we de-the active site (178) . The phosphoreceptor amino acid cided to name a given component of a MAPK module (Ser, Thr, Tyr) of the substrate binds near the catalytic according to its position in the pathway with the current loop in this domain. A surface loop contiguous with this name of the protein in superscript. For example, the yeast COOH-terminal domain is found in many protein kinases Ste11 MAPK kinase kinase will be described as MKKK ste11 . and encodes a phosphorylation site; this sequence is reThis notation should greatly facilitate the reading of this ferred to as the activation loop or lip. Threonine-183 in review, since it is not required to know the identity of MAPK erk1/2 is homologous to the phosphorylation site in each kinase to determine its position in a given MAPK the activation loop of other protein kinases (165) . The pathway.
tyrosine phosphorylation site in the activation loop of To date, 14 MKKK, 7 MKK, and 12 MAPK have been MAPK is unique. identified in mammalian cells (Table 1) . Dendogram analy-
The recent crystal structure of active, dual-phosphorsis indicates that these kinases belong to different subfam-ylated MAPK erk2 has been recently solved (40). Phosphoryilies (Fig. 2) Table 1 ).
Tyr regulation of MAPK activity has been proposed as modules are functionally segregated from one another (98) . In the budding yeast, S. cerevisiae, the three comwhy MAPK have never been identified as oncogenes (40) . This where the organization and regulation of MAPK pathways ensures that this particular module is coordinately reguare best understood. Presently, five MAPK pathways have lated and segregated from other signaling pathways. been well characterized in S. cerevisiae: the haploid mat-Tethering and segregation of MAPK modules may in fact ing pathway, invasive growth, cell wall remodeling, and be vital for MAPK pathways to function properly (217) . two pathways involved in stress responses such as hyper-Mitogen-activated protein kinase module kinases may osmolarity. These five MAPK pathways are discussed in have high affinity for each other in the absence of a detail in section IV. An important concept on MAPK path-tethering protein like Ste5. For example, MKKK fus3 and ways that has emerged from yeast studies is that the ki-MKK ste7 have an Ç5 nM dissociation constant binding nases employed in MAPK pathways are organized into affinity, indicating they could have significant interacmodules. As discussed in section IVA, this is achieved by tion in the the absence of Ste5 (13). Similarly, MKK pbs2 tethering to scaffold proteins as well as by direct interac-has the ability to bind several different MKKK involved tion between the different kinases of the module. Organi-in osmoregulation (see sect. IVF). The complexity of regzation into modules ensures segregation of the pathways ulation of MAPK pathways is further exemplified by the from other signaling events in the cells and also allows fact that some kinases participate in more than one the use of a given component kinase in more than one MAPK module. (365) themselves inhibitors of the mating pathways in dividing and is predicted to couple the bg-complex (Ste4/Ste18) cells. It has indeed been shown that Cln2 represses the to activation of the MAPK mating pathway (Fig. 3) .
mating MAPK pathway, and this inhibition takes place at The NH 2 -terminal portion of Ste5 (residues 177-229) the level of MKKK ste11 (362) . There are other examples contains a cysteine-rich region that is the prototype for demonstrating the reciprocal actions of the mating MAPK the RING-H2 motif. Proteins of the zinc RING family pos-pathway and cyclin-dependent kinases. For example, the sess two fingerlike domains connected by a linking region rat glucocorticoid receptor ectopically expressed in S. and require zinc for folding (18, 29) . Crystal structures cerevisiae is phosphorylated by cyclin-dependent kinases indicate that RING domains are globular pseudosymmetand MAPK at distinct sites. Glucocorticoid receptor-deric folds that coordinate two zinc atoms through a crosspendent transcriptional enhancement is reduced in a yeast bridging element (14, 28) . When this structure is mutated, strain deficient in cyclin-dependent kinases but is inthe corresponding Ste5 mutants are unable to complecreased in a strain devoid of MAPK fus3 (186 budding yeast, the Gbg complex transmits the signal, 349), was fused to the COOH terminus of the RING-H2 whereas in S. pombe, it is the Ga subunit that transmits Ste5 mutants, the resulting protein could complement the the signal. Second, although haploid budding yeast exmating defect of ste5D cells but could not associate with press the genes required for the pheromone response in Ste4. Oligomerization of Ste5 is, however, not sufficient all nutritional conditions, differentiation of fission yeast to transduce the mating signal, since wild-type Ste5 fused into mating competent cells is strictly dependent on nutrito the S. japonicum glutathione S-transferase was able to tional starvation. The S. pombe Ras homolog Ras1 plays complement ste5D cells but not ste4D ste5D cells (152).
a role in the starvation-dependent control of the mating The conclusion of these studies is that the RING-H2 dopathway, possibly in a Ga-independent manner (384) . In main has inhibitory functions that can be alleviated by response to mating pheromones, mutants defective in Ste4. Once the inhibitory role of the RING-H2 domain is suppressed, it oligomerizes, leading to the activation of Ras1 or in Ste6, the fission yeast homolog of the Ras GDP/ and grow beneath the surface. The response of haploids is not as dependent on nutritional starvation as the pseudohyphal development of diploid cells. In particular, nitrogen limitation seems to play no role in the invasive growth response of haploids (293 independent pathways can stimulate the invasive growth because they are not hampered by the inhibitory function of MAPK kss1 . It has been possible to genetically separate GTP exchange factor, are unable to induce transcription the inhibitory and stimulatory functions of MAPK kss1 on of the mat1-Pm gene that controls entry into meiosis pseudohyphal development. There are mutants of (262) . Ras1 may be directly linked to the S. pombe MAPK module involved in mating as suggested by the observation that Ras1 can bind MKKK byr2 in a two-hybrid assay (48, 344) . Interestingly, a Ste5 equivalent has not been defined in S. pombe, nor is there evidence that phosphorylation of MKKK byr2 by a Ste20 homolog is required. Current evidence argues that GTP-binding proteins regulate MKKK byr2 activity.
D. Invasive Pathways: Pseudohyphal Pathway of Diploids and Invasive Growth of Haploids
In response to nitrogen starvation, diploid S. cerevisiae activate an intracellular pathway that will eventually lead to profound morphological changes. When starved for nitrogen, the elliptical diploid yeast undergo an asymmetric cell division to produce a long thin daughter cell that will keep producing long daughter cells. Because the mother and daughter cells remain attached, reiteration of this unipolar division pattern produces filaments composed of a linear chain of elongated cells called a pseudohypha. The mother yeast produce colonies on the surface of an agar plate, whereas the pseudohypha invades 
MAPK
kss1 that have lost their inhibitory function that when E. Cell Wall Remodeling Pathway expressed lead to hyperfilamentation in a MAPK kss1 null background (217 
F. Osmosensor and Stress Pathways
The budding yeast S. cerevisiae activates two pathways in response to hyperosmolarity (220) (Figs. 7 and 8). The osmosensors that stimulate these pathways function in a very different manner. One pathway is regulated by a set of three proteins functioning like the prokaryotic two-component transduction system, and the other osmosensor is an integral membrane protein. These two sensors regulate two different MAPK pathways utilizing common kinase elements that will lead to the transcription of genes necessary for survival in hyperosmotic conditions such as those required for the synthesis of glycerol to increase the internal osmolarity (136) . Although external high osmolarity will activate both of these MAPK pathways, the corresponding osmosensors do not detect the same osmolarity changes. The integral membrane osmosensor is activated by high osmolarity and stimulates its corresponding MAPK pathway. In contrast, the two-component osmosensor is active in low-osmolarity conditions, and this results in the repression of the associated MAPK 
''Two-component'' osmosensor pathway
Two-component transduction systems are commonly found in prokaryotes. A two-component system is composed of a sensor molecule and a response-regulator molecule. Typically, a sensor protein has an extracellular input domain and a cytoplasmic histidine kinase domain. A typical response-regulator is a cytosolic protein containing the receiver domain and a DNA binding domain. When the sensor protein is activated, it phosphorylates a histidine residue within its kinase domain and transfers this phosphate group to an aspartic acid in the receiver domain of the cognate response-regulator molecule, resulting in the switching of its output function that is generally transcriptional activation. It is because the signaling pathway is composed of only two proteins that it is called a two-component system. The two-component osmosensor in yeast is, however, composed of three proteins, Sln1, Ypd1, and Ssk1, that funtionally behave as two FIG. 7. ''Two-component'' osmosensor MAPK pathway of Saccha-linked two-component systems (Fig. 7) (23, 35 , Similar to budding yeast, it appears that two related MAPK 220) (Fig. 7) . Ssk1 is inactive when phosphorylated (i.e., pathways are activated in response to environmental in low-osmolarity conditions) and activated by high osmo-stress. One is composed of the MKKK wik1 /MKK wis1 / larity (when the sensor Sln1 is inactive), which eventually MAPK spc1 module, and the other is most likely composed leads to stimulation of MAPK hog1 and transcription of of the MKKK win1 /MKK wis1 /MAPK spc1 module (299, 312, 313 ) genes necessary for survival in hyperosmotic conditions. (Fig. 9) . The pathway using MKKK win1 may be predominant in conditions of osmotic stress because MKKK wik1 is not essential for osmosignaling (299 In addition to the Sln1-Ypd1-Ssk1 osmosensor path-phosphorylation in response to heat shock and oxidative way, the budding yeast has an alternate way of sensing stress. The inactivation of the Pyp1 protein tyrosine phoshyperosmolarity that relies on the Sho1 osmosensor (220) (Fig. 8) . In addition lated as a mitotic inducer (360), and Pyp1 has been shown to its roles in the mating and the pseudohyphal pathways, to negatively regulate entry into mitosis (236 Thus MKK pbs2 also functions as a scaffold protein to segre-
G. Sporulation Pathway
Yeast sporulation is the process, involving meiosis, that leads to the packaging of haploid nuclei into spores. This reponse occurs only in diploids and is elicited by nutritional starvation (241). Upon completion of meiosis, the four-haploid nuclei, which still remain within a single nuclear membrane, are enveloped by the double membraneous prospore wall. The spore wall is then deposited from the space between the layers of the prospore wall. The final differentiated spore wall consists of four layers. The two inner layers appear indistinguishable from the vegetative cell wall, whereas the third layer is a sporespecific structure composed primarily of chitosan and chitin. The outermost electron-dense layer is a dityrosine coat (36, 37). One gene encoding a MAPK, MAPK smk1 , has been shown to be involved in the sporulation pathway (MAPK smk1 mutants are defective in spore wall assembly) (185) . A putative MAPK module, which employs MAPK smk1 and an uncharacterized MKKK and MKK, may thus be used to regulate the sporulation response. A MKKKK homolog (Sps1) has also been shown to be involved in the sporulation pathway. Both Sps1 and MAPK smk1 mutants display similar phenotypes: they both proceed normally FIG. 10. MKKK, MKK, and MAPK that can be components of MAPK erk through meiosis but then are defective in spore wall as-pathway. GPCR, G protein-coupled receptor; RTK, related tyrosine kinase; sembly (136, 185) . This suggests that Sps1 controls the ERK, extracellular-regulated kinase; MEK, MAPK or ERK kinase. putative MAPK module mediating the sporulation response.
tions. Obviously, gene knock-out strategies may be particularly usefull in this context. In yeast, it appears that transcription factors com-V. MAMMALIAN MITOGEN-ACTIVATED prise the majority of the known substrates regulated by PROTEIN KINASE PATHWAYS MAPK pathways. In mammalian cells, many MAPK substrates defined to date are also transcription factors. In One important point that emerges from the the stud-addition, several cytoskeletal proteins, protein kinases, ies of the yeast MAPK pathways is that MAPK pathways and phopholipases are also substrates for specific MAPK. form modules that are held together through protein-pro-As our understanding of the yeast and mammalian MAPK tein interactions. Activation of one MAPK pathway does pathways increases, it is likely that additional classes of not normally lead to the activation of other MAPK path-MAPK substrates will be defined. ways, even if a given component is found within multiple Four types of MAPK pathways have been defined to pathways. Mitogen-activated protein kinase pathways are date in mammalian cells. However, within a given paththus spatially regulated in yeast. It is thus predicted that way, several MKKK, MKK, and MAPK can generally be this also applies to the mammalian MAPK pathways. In found to be interchangeable. For example, there are 3 mammalian cells, however, multiple MAPK pathways can isoforms and 10 different splice variants of MAPK in the be activated by a single receptor type. For example, the c-Jun kinase (MAPK jnk ) pathway (123 (Fig. 10) (131) . The Fos (308). p90 rsk -induced phosphorylation of c-Fos occurs at serine-362 in the COOH-terminal transrepression do-prenylated plasma membrane targeted MKKK raf1 -CAAX chimera has seven times greater kinase activity at similar main. p90 rsk also phosphorylates glycogen synthase kinase 3 (GSK3) at serine-9 near the NH 2 terminus, resulting in levels of expression relative to wild-type MKKK raf1 (201). MKKK raf1 -CAAX is constitutively activated and is oncothe inhibition of GSK3 kinase activity. Glycogen synthase kinase 3 has been shown to negatively regulate c-Jun. genic in fibroblast transformation assays. Once MKKK raf1 is at the plasma membrane, it becomes tyrosine phosphorThus stimulation of p90 rsk by MAPK erk1/2 results in the regulation of both c-Fos and c-Jun. The transient inactiva-ylated on Tyr-340 and Tyr-341 by membrane-bound tyrosine kinases including c-Src (223, 225) . Treatment of tion of GSK3 has been proposed to enable the rapid activation of c-Jun and possibly AP-1 activity (82, 308 raf1 . The 14-3-3 proteins also bind to motifs in proteins that fre-However, although MKKK B-raf is strongly activated by oncogenic Ras alone, maximal activation of both MKKK raf-1 quently include phosphoserine and phosphothreonine residues (255, 386) . Binding of 14-3-3 protein to phosphoser-and MKKK A-raf requires additional inputs (224) . Such inputs could involve upstream kinases such as Src, PKC, ine/threonine motifs in proteins has been demonstrated to protect these sites from dephosphorylation by phospha-other MKKKK, or additional protein interactions such as with 14-3-3 proteins. A glimpse of such differential regutases (56 (308) .
withdrawal of NGF led to the inhibition of MAPK erk1/2 ac-MAPK erk2 activation may not always be required for protivity and cell death (383) . Constitutive activation of the liferation. Interleukin-4 stimulation of B cells does not signifi-MAPK erk1/2 pathway in these cells inhibited apotosis. In cantly activate MAPK erk signaling but still induces prolifera-L929 cells, blockage of MAPK erk1/2 activation prevents the tion. Conversely, okadaic acid (a phosphatase inhibitor) treat-protection against TNF-a-induced apoptosis that is mediment of B lymphocytes activates MAPK erk2 but inhibits rather ated by fibroblast growth factor (FGF)-2 (108). In Jurkat than augments cellular proliferation (42, 353), indicating that cells, the ERK pathway is activated when Fas is stimulated regulation of the phosphorylation status of other proteins by (117, 368); however, the ERK activation is transient, possiokadaic acid can have growth inhibitory effects even though bly as a consequence of MKKK raf1 degradation in apoptotic MAPK erk2 is activated. In smooth muscle cells, activation of cells (368) . It is believed that the function of the inactiva-MAPK erk1/2 leads to PGE 2 secretion that inhibits cellular prolif-tion of the MAPK erk1/2 response pathway in Fas-stimulated eration. However, in smooth muscle cells lacking the induc-cells is to prevent MAPK erk1/2 -mediated protection against ible form of cyclooxygenase, activation of MAPK erk1/2 does the apoptotic response. Support for the hypothesis that not lead to secretion of PGE 2 , and the cells proliferate (30) . the MAPK erk1/2 pathway components are involved in surTherefore, the MAPK erk1/2 signaling pathway can mediate ei-vival signaling comes from MKKK B-raf knock-out mice. ther proliferation or growth inhibition depending on the reper-These mice die of vascular defects during mid-gestation toire of genes that are regulated in a specific cell type. Consis-and show increased numbers of endothelial precursors tent with this theme is the ability of constitutively active cells, enlarged blood vessels and apoptotis of differenti-MKK mek1 or MAPK erk2 to induce differentiation in some cell ated endothelial cells (376) . Thus MKKK B-raf appears crititypes including PC-12 pheochromocytoma (282) and K562 cal as a signaling element in the development of the vascuerythroleukemia cells (283). Treatment of PC-12 cells with lar system. This appears to be due, at least in part, to its either EGF or NGF activates the MAPK erk1/2 signaling path-ability to protect maturing endothelial cells from way, yet EGF stimulates proliferation while NGF induces apoptosis. In some cases, however, the MAPK erk1/2 pathgrowth arrest and differentiation (282). This apparent differ-way may be positively involved in cell death as indicated ence in the outcome between EGF and NGF treatment has by the observation that inhibition of MKK mek1 activity been postulated to be related to differences in the duration inhibits crocidolite asbestos (a carcinogen)-induced and magnitude of the MAPK erk1/2 activation. Epidermal growth apoptosis (164) and Fas-induced apoptosis (117). How factor-stimulated MAPK erk1/2 activity in PC-12 cells is tran-inhibition of MKK mek1 activity would suppress apoptosis sient, returning to basal or near-basal levels within 1-2 h. is unclear from these studies. In contrast, the NGF-stimulated activity is more sustained. tor tyrosine kinases such as the EGF receptor, PDGF re-includes specific cytokine receptors, the T-cell receptor, CD28, and the B-cell receptor. Upon ligation of these recepceptor, or insulin receptor, their intrinsic tyrosine kinase domains are activated, leading to tyrosine phosphoryla-tors, there is a rapid and transient increase in tyrosine phosphorylated proteins. Because these receptors lack an tion of specific substrates including themselves (225, 308, 366) . Tyrosine phosphorylation of the receptor allows the intrinsic tyrosine kinase domain, tyrosine phosphorylation of target proteins is accomplished by the activation of Src binding of adapter proteins to the receptor. Adapter proteins within their amino acid sequence have specific mo-family tyrosine kinases including Lck, Lyn, Fyn, and others (46, 333) . Similar to receptor tyrosine kinases, the receptor tifs that are involved in protein-protein interactions. The adapter protein Shc consists of a phosphotyrosine binding itself becomes tyrosine phosphorylated, enabling the recruitment of the adapter proteins Shc and Grb2 to the (PTB) domain, Src homology 2 (SH2) domain [which, as PTB, also binds phosphotyrosine residues], and a Src ho-cytoplasmic surface of the receptor effectively recruiting Sos to the receptor. These events lead to GTP loading of mology 3 (SH3) domain. After activation of the EGF receptor, Shc binds to a specific phosphotyrosine of the recep-Ras and MAPK erk1/2 activation (46) . tor via its PTB domain (80, 225). The association of Shc Several cytokine receptors activate the MAPK erk1/2 pathwith the EGF receptor permits the tyrosine phosphoryla-way through the activation of JAK (Janus kinases including tion of Shc by the receptor itself or intracellular tyrosine JAK1, -2, -3, and Tyk2). In addition to its ability to phosphorykinases such as Src (15) . This phosphorylation allows the late and activate STAT, JAK1 can phosphorylate Shc on binding of another adapter protein, Grb2, consisting of a tyrosines leading to activation of the MAPK erk1/2 pathway SH2 domain and two SH3 domains (80, 301). The associa- (375) . In turn, MAPK erks may phosphorylate and potentiate tion between Shc and Grb2 is mediated by the SH2 domain the activity of the STAT (375). In human multiple myeloma of Grb2. Grb2 can also bind directly to the EGF receptor cells, interleukin (IL)-6 triggers cell growth through the through its SH2 domain (15) . These associations amplify MAPK erk1/2 pathway in a JAK-and Ras-dependent manner the amount of Grb2 associated with the receptor. Because (267). However, JAK-mediated MAPK erk1/2 activation can octhe guanine nucleotide exchange factor Sos (son of sev-cur independently of Ras activation. For example, interferon-b induces MKKK raf1 activation in HeLa cells in a Rasenless) binds constitutively to the Grb2 SH3 domain, the binding of Grb2 with the EGF receptor also recruits Sos independent manner, whereas oncostatin M stimulation of MKKK raf1 correlated with GTP loading of Ras (321 since PI3Ka could not be used as a substitute for PI3Kg characteristics: 1) it was activated by cell stress such as ultraviolet irradiation, and 2) it phosphorylated c-Jun at (213) . Signaling from PI3Kg to the MAPK erk pathway required a tyrosine kinase, Shc, Grb2, Sos, Ras, and the NH 2 -terminal activating sites rather than the COOHterminal inhibitory sites phosphorylated by the MAPK erk2 . MKKK raf1 (213) , indicating that the GPCR that activate the MAPK erk pathway in a PI3Kg-dependent manner can When the gene encoding this kinase was cloned by two groups, the human homolog was named c-Jun NH 2 -termitransactivate receptor tyrosine kinases (Fig. 11) . Some GPCR activate the MAPK erk pathway in a pertussis toxin-nal kinase (MAPK jnk ) (73, 188) , and the rat homolog was named stress-activated protein kinase (SAPK) (188) . Two insensitive manner. This activation mechanism involves the stimulation of Ga q/11 proteins and the activation of more genes encoding MAPK jnk family members have also been cloned (123, 169, 188) . These members of the phospholipase C-b. The stimulation of intracellular calcium activates the proline-rich tyrosine kinase (Pyk2) MAPK jnk group of MAPK, along with their MKKK and MKK, form the MAPK jnk module (Fig. 12) . (205) . Pyk2 activates Ras through the tyrosine phosphorylation of Shc and/or by recruitment of the Grb2/Sos comDifferential splicing and exon usage yield a total of 10 different MAPK jnk isoforms from the 3 genes (123). plex similar to receptor tyrosine kinases (327) . In response to endothelin-1, lysophosphatidic acid, or throm-Each kinase is expressed as a short form and a long form, and MAPK jnk1 and MAPK jnk2 have an alternative sequence bin, the EGF receptor is rapidly tyrosine-phosphorylated, leading to the recruitment of adaptor proteins such as that appears in the kinase domain in some transcripts. A definitive analysis of the expression patterns of these 10 Grb2 (69, 327) . This recruitment eventually leads to MAPK erk1/2 activation as described above. Inhibition of the different isoforms in vivo has not been done. MAPK jnk1 and MAPK jnk2 are expressed ubiquitously, whereas the ex-EGF receptor function suppressed MAPK erk1/2 activation by the GPCR (69). It has also been suggested that the pression of MAPK jnk3 appears to be limited to the brain (390). The alternative forms of the MAPK jnks differ in their GPCR-induced tyrosine phosphorylation of EGF receptor is mediated by a Src tyrosine kinase (215) .
ability to bind, and presumably activate, different transcription factors (123) . There is also evidence that the In lymphoid cells, targeted deletion of Lyn or Csk tyrosine kinases blocks the stimulation of MAPK erk1/2 by G q -different forms of the enzyme can be differently regulated.
In mouse macrophages stimulated with TNF-a, a 46-kDa but not G i -coupled receptors (350, 351). In cells deficient for Btk tyrosine kinase, G i -coupled receptors failed to acti-MAPK jnk is activated, whereas a 54-kDa isoform is not (47) . Because of extensive sequence homology between vate ERK, whereas G q -coupled receptor-mediated stimulation was unaffected (350). Cells lacking Syk were deficient in both G q -and G i -mediated MAPK erk stimulation (350, 351). Syk appears to integrate the signals stimulated by different GPCR, leading to the activation of the MAPK erk1/2 pathway (Fig. 11) . In addition, there is evidence that some GPCR activate MAPK erk1/2 in a PKC-dependent, Ras-independent manner (366) .
Finally, the MAPK erk pathway can be activated by engagement and clustering of integrins. Integrins are a family of transmembrane receptors that bind to proteins of the extracellular matrix, such as fibronectin, collagen, and vitronectin. Binding and clustering of integrins leads to the formation of focal adhesion structures, in which integrins connect to actin stress fibers. Integrin ligation induces the activation of a variety of signaling events, including the activation of the MAPK erk1/2 pathway (50, 242, 249, 407) . The activation of the MAPK erk1/2 after integrin ligation is mediated in part by Rho (290). Cell adhesion is also important for survival of adherent cells. The regulation of the MAPK erk1/2 pathway by integrins may contribute to the survival response observed with integrin-mediated adherence.
B. MAPK jnk Pathway
A new MAPK was identified biochemically in 1991 http://physrev.physiology.org/ Downloaded from these paralogues, biochemical identification using anti-is the case for NIK and HPK1 that, although capable of binding MKKK mekk1 and MKKK sprk , respectively (175, 326) , bodies is very difficult, if at all possible. Whether these measurable differences reflect a real effect on the determi-have not been shown to directly activate MKKK mekk1 and nation of cell fate remains to be determined. MKKK sprk . MAPK jnk was first described as a SAPK, and it is the Other signaling proteins that act as upstream activaresponse to stress that has been most widely studied. In tors of the MAPK jnk module include the low-molecularspite of the volume of research in this area, little is known weight GTP-binding proteins of the Rho family. These proabout the signal transduction pathways leading from cell teins, in particular Rac and Cdc42, have been demonstress, such as ultraviolet irradiation, to the activation of strated to activate MAPK jnk when expressed as constituthe MAPK jnk cascade. Cell stress can come in several tively active forms. The competitively inhibitory mutant forms, including heat shock, direct damage of DNA (g-forms of Rac and Cdc42 can block MAPK jnk activation irradiation, cytosine arabinoside), generation of reactive induced by EGF or TNF-a (62). They may do so by binding oxygen species (H 2 O 2 ), and conditions of hyperosmolar-to a MKKK (93, 111) or to one of the Ste20 homologs ity. Until the exact sensors of cell stress are identified discussed above (11). and characterized, the pathways that lead from stress to MAPK jnk activities can be downregulated by dualactivation of the cascade will remain elusive. Cellular re-specificity protein phosphatases, including M3/6 (also dox state, tyrosine kinases, and phosphatases are poten-known as hVH-5) (253) and MKP-1 (also known as CL100, tially involved in some stress responses, but the mecha-3CH134, Erp, and hVH-1) (100, 140 jnks have been shown to be activated through induction of MKP-1 expression (100). In contrast, in NIH cell surface receptors from a variety of families, including 3T3 fibroblasts, the MAPK jnk pathway, but not the MAPK erk the TNF receptor family, GPCR, tyrosine kinase receptors, pathway, induces MKP-1 induction (25). It is possible that and cytokine receptors. The growing list of signaling pro-this difference is because of the different cell lines used, teins that are capable of activating the MAPK jnk pathway but further work is required to clarify this issue. The uphas been recently reviewed (92) .
stream regulation of M3/6 has not been demonstrated, so it is not known whether the phosphatase is a selective MAPK jnks are activated by phosphorylation on threonine and tyrosine of the Thr-X-Tyr activation motif by one point of MAPK jnk regulation or a constitutively active switch that turns off MAPK jnk activity when the upstream of two cloned dual specificity kinases, MKK mkk4 (300) and MKK mkk7 (340) . These kinases are in turn activated by an activators are silenced. MKKK, of which several examples have been identified
The expression of another protein, MAPK jnk inter- (Fig. 12) 
ity-determining region that MAPK jnk1 lacks (169). MAPK jnk The MAPK jnk substrates are, to date, exclusively tranalso binds to ATF-2 at a site just NH 2 terminal to the phosscription factors, in contrast to the MAPK erk family that phorylation motif, and thus it interacts with this transcripappears to have substrates outside the nucleus. The subtion factor in a bipartite manner as well (124) . strates that have been identified for MAPK jnks include c-MAPK jnk activity has been implicated in the response Jun, ATF-2 (124), Elk-1 (409), p53 (145, 237), DPC4 (3), to cell stress, specifically apoptosis. Although it has never and NFAT4 (54) . Phosphorylation of c-Jun at serine-63 been demonstrated that a MAPK jnk is sufficient for and serine-73 by MAPK jnk results in an increase in the apoptosis in any system, it seems necessary for this proformation of Jun/Jun homodimers and Jun/ATF2 heterocess to occur in at least some cases (77). Inhibition of dimers. c-Jun phosphorylated by the MAPK jnks is also MAPK jnk signaling by introduction of dominant inhibitory more resistant to ubiquitin-dependent degradation (256 (54) . DPC4 is a human mothers the de novo synthesis of pro-apoptotic proteins. Characterization of the pro-apoptotic proteins that are induced against decapentaplegic (Mad)-related transcriptional factor regulated by transforming growth factor-b (TGF-b) in by MAPK pathways is clearly an important step in elucidating the role of these signaling events in apoptosis. Exa MAPK jnk pathway-dependent manner (3). Overexpression of DPC4 leads to apoptosis, and this response pression of Fas ligand (FasL) is one pathway of transcription-dependent apoptosis. In response to DNA damage, can be potentiated by mad3, another transcription factor that associates with and is phosphorylated by the TGF-b FasL is expressed at the surface of T cells where it activates Fas and consequently induces apoptosis. Deoxyriboreceptor (401) . This suggests that mad3 links the TGF-b receptor to DPC4 activation and possibly apoptosis. Fi-nucleic acid damage-induced FasL expression necessitates the activation of the AP1 transcription factors in nally, the transcription factor p53 is phosphorylated on serine-34 by all three isoforms of MAPK jnk (145) . However, a MAPK jnk -dependent manner (170) . Expression of FasL establishes thus a direct link between activation of the the functional significance of this phosphorylation is unclear.
MAPK jnk pathway and apoptosis. MKKK mekk1 appears to be the MKKK in the MAPK jnk module that is required for The mechanism by which MAPK jnk recognizes these FasL expression (97, 170) . Interestingly, MKKK mekk1 has substrates involves a bipartite sequence. As with the other also the potential to activate the NFkB transcription fac-MAPK, MAPK jnk phosphorylates substrates at a Ser/Thrtor (139, 196 (192, 367) . In its full-length 196-kDa form, MKKK mekk1 does not seem to promote apoptosis (41, 367). In fact, activation of fulllength MKKK mekk1 may induce survival responses, including the activation of the MAPK erk and NFkB pathways (139, 191, 196 from a protective response to a cell death-promoting response. sponse to phorbol ester and calcium ionophore, they are Although MAPK jnk in several cell lines appears to me-still capable of proliferating and making IL-2, albeit at a diate a stress response that is often associated with subse-lower rate. This suggests that some MAPK jnk -independent quent cell death, in some cases it may act to promote signal is operating in the proliferative response to these survival or growth. BAF3 pre-B cells undergo apoptosis signals. What must be remembered is that none of the when deprived of IL-3. Readdition of IL-3 stimulates a MAPK pathways including MAPK jnk is acting alone in MAPK jnk response in these cells, and inhibition of MAPK jnk these responses; rather, the MAPK pathways are inteactivity by expression of a MAPK jnk specific phosphatase grated with many other metabolic changes in the cell. The inhibits IL-3 induced proliferation, while having no effect sum of these responses and their integration ultimately on apoptosis induced by IL-3 withdrawal (318). In T98G determines cell fate. glioblastoma cells, the MAPK jnk pathway seems to regulate DNA repair, and its inhibition sensitizes the tumor cells to cisplatin-induced death (279).
C by an antigen-presenting cell allows the coactivation of have the greatest homology to the yeast MAPK hog1 , which the antigen receptor and a second receptor, CD28 in the is activated by hyperosmotic shock (366) . Similarly to T cell and CD40 in the B cell, that rescues the cell and MAPK hog1 , different MAPK p38 are activated by cellular allows it to proliferate. MAPK jnk has been demonstrated stress (ultraviolet irradiation, osmotic shock, heat shock, to play a role in this signal integration. Ligation of the TCR lipopolysaccharide, protein synthesis inhibitors), certain or CD28 alone is unable to activate MAPK jnk or induce the cytokines (IL-1, TNF-a), and GPCR (366) . The activation synthesis of IL-2. Ligation of both receptors simultane-of MAPK p38 through either cellular stress or ligation of ously activates MAPK jnk and IL-2 production (325) . cell surface receptors involves the activation of specific Blocking the MAPK jnk pathway with dominant negative protein kinases in an ordered activation module (MKKK/ MKKK mekk1 blocks IL-2 production in Jurkat cells in re-MKK/MAPK) (Fig. 13 ). sponse to phorbol ester and calcium ionophore, which Similar to MAPK erk and other MAPK families, can substitute for CD28 ligation in these cells (96) . Finally, MAPK p38 is activated by dual phosphorylation of Thr and in lymphocytes that are lacking MKK mkk4 , CD28 and CD3 Tyr in the Thr-Gly-Tyr activation motif (284, 366). Upon ligation (a similar treatment to TCR ligation) are not as stimulation of MAPK p38 activity, several specific subcapable of inducing IL-2 production (265). However, al-strates are phosphorylated. MAPK p38 can phosphorylate and activate the MAPK-activated protein (MAPKAP) kithough these cells are completely lacking a MAPK jnk re-nase 2 and 3 which phosphorylate small heat-shock pro-poorly defined. MAPK p38 is activated by thrombin in platelets (183) , suggesting that MAPK p38 plays a role in platelet teins such as 27-kDa heat-shock protein (295 
cells (361). This suggests that MAPK
p38 is important MAPK p38 signaling pathway in response to at least some for the production of cytokines in hematopoietic cells. In cellular stimuli such as IL-1, and this apparently occurs addition, inhibition of MAPK p38 by SB-203580 prevents IL-through activation of Pak. Pak also associates with the 2-and IL-7-driven proliferation, indicating a role for adapter protein Nck through its SH3 domain, which local-MAPK p38 in cytokine-stimulated cellular proliferation (64) . izes Pak to membranes causing its activation (214) . Nck MAPK p38 is also implicated in apoptosis. Several cellular could thus function to link activated surface receptors to stresses such as osmotic shock and ultraviolet irradiation the Cdc42/Pak signaling pathway and consequently that cause apoptosis activate MAPK p38 kinase activity MAPK p38 activation. However, there is no evidence indi- (366 (127). This shows again that different mammalian MAPK pathways can have similar downstream targets, as seen (247, 366) (Fig. 13) Caenorhabditis elegans, and plant species. The role Just as for the MAPK erk pathway, GPCR in addition played by MAPK pathways in these organisms is still fragto the thrombin receptor can induce the activity of mentory, but because they represent powerful experimen-MAPK p38 . In HEK 293 cells, MAPK p38 can be activated tal systems, they will undoubtely provide many interesting through the G q /G 11 -coupled m1 muscarinic receptor, insights on the function and role of MAPK pathways in through the G i -coupled m2 muscarinic receptor, and important physiological processes (i.e., development (216) . MKK Ddmek1 is rewhereas others are specific (366) . The protein kinase quired at the time of cAMP stimulation for the activation phosphatase M3/6 inhibits the activity of p38 and MAPK jnk of guanylyl cyclase and the production of cGMP, the secfamily members but is a poor inhibitor of the MAPK erk ond messenger for chemotaxis in these cells. Dictyostelfamily members (253) (see sect. VA3).
ium MAPK erk1 is required for vegetative growth and probably plays a role during multicellular development (110) . The Dictyostelium MAPK erk2 is activated by extracellular D. MKK5/MAPK erk Pathway cAMP and is required for receptor activation of adenylyl cyclase during aggregation, prespore-specific gene exThe least known mammalian MAPK pathway empression, and morphogenesis in a partially GPCR-depenploys MKK mkk5 and MAPK erk5 . The MKKK in this MAPK dent manner (218, 307) . The chemoattractant folic acid, module has not been yet identified (87) . MAPK erk5 can be which allows the amoebae form of Dictyostelium to find activated by oxidative stress and hyperosmolarity (1), but bacteria in the wild, activates MAPK erk2 . This response also by nonstress stimuli such as serum (172 ) is a germThe gene product encoded by the rolled locus is a cell-specific protein that is absent from immature oocytes homolog of the mammalian MAPK erk proteins. This kinase, and is synthesized from stored maternal mRNA in redMAPK rolled , is required for the sevenless receptor tyrosine sponse to progesterone. Translation of xMKKK mos is neckinase expressed in the R7 precursor cells to transduce essary for progesterone-and insulin-induced maturation the signal that leads to the development of the R7 photore-of oocytes. xMKKK mos is the only protein that must be ceptor cell (19) . The Drosophila homolog of MKKK raf1 , synthesized to initiate maturation. xMKKK mos induces dMKKK raf1 , is required for early larval development (263) , rapid activation of MKK and MAPK in oocytes as well as indicating that the Drosphila MAPK erk pathway is involved during xMKKK mos -induced mitotic arrest in early embryos in this process. The Drosophila MAPK erk pathway seems (276). xMKKK mos action on oocyte maturation may require to be involved in several developmental pathways in the the Xenopus MKKK raf1 , but probably not in a direct manfruit fly.
ner, since MKKK raf1 activation occurs only several hours Dorsal closure, a morphogenetic process occurring after xMKKK mos expression (254) . during Drosophila embryogenesis, is regulated by the The spindle assembly checkpoint prevents cells gene products of hemipterus (dMKK hep ) and basket whose spindles are defective or chromosomes are mis-(dMAPK bsk ), the homologs of MKK mkk7 and MAPK jnk1 , re-aligned from initiating anaphase and leaving mitosis. Spinspectively. Embryos lacking these kinases exhibit a dorsal dle assembly checkpoint requires the activity of the Rasclosure phenotype (292) . Similarly, embryos lacking the dependent MAPK pathway employing the Xenopus Drosophila Jun homolog (Djun) also have a defect in dor-MAPK erk1 and MAPK erk2 proteins (331, 356) . In contrast, sal closure (143) . This suggests that Jun is a target of this MAPK pathway appears dispensable for the normal M dMKK hep /dMAPK bsk signaling. However, the role of phase entry and exit (331, 356) . In the developing Xenopus dMAPK bsk in Djun regulation has been disputed (143) . embryo, the Ras-dependent MAPK pathway is also indMAPK bsk may also be implicated in an immune response volved in mesoderm induction (342) . toward bacterial infection in Drosophila because it is acti-
The Xenopus system provides a good example of the vated by lipopolysaccharide, a component of the bacterial involvement of MAPK kinase pathways in the regulation cell wall (317 and development. Kinases able to phosphorylate and acti-important. Finally, the subcellular location of specific MAPK modules is predicted to be a major regulatory propvate ntMAPK mpk2 are stimulated in tobacco cells incubated with auxins (244). This suggests that growth and/or devel-erty for their regulation. The different structural motifs found in the MKKK suggest different protein-protein interopment is also controlled, at least in part, by MAPK pathways.
actions for their regulation. These motifs include leucine zippers, proline-rich sequences, 14-3-3 interaction sites, The increasing number of plant MAPK pathways members that are being characterized (Table 1) indicates GTP-binding protein interactions, serine/threonine and tyrosine phosphorylation sites, and more. All of these reguthat plant MAPK pathways mediate many different aspects of plant physiology. It is also anticipated that there latory sites can influence the subcellular location, in addition to the activity of the kinases. Our prediction is that is a great degree of conservation between the plant and the mammalian MAPK pathways, as indicated, for exam-specific MAPK modules will be shown to function as sensors localized in specific regions of the cell to respond ple, by the fact that MAPK pathways transduce stress signals in both types of organisms.
to defined extracellular and intracellular imputs for the control of gene expression, metabolism, and the cytoskeleton. Saccharomyces cerevisiae, a single-cell eukaryote, 9, 1005 Lausanne, Switzerland; M. B. Jarpe, Biogen Corporation, has six MAPK, four MKK, and five MKKK encoded in its Boston, MA. genome. The corresponding numbers in higher eukaryotes are larger, obviously reflecting the increased complexity of these organisms. For example, the number of charac-REFERENCES terized MAPK is 12 in mammals, and this will almost certainly increase when the human genome is completely 
VII. CONCLUDING REMARKS

